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A B S T R A C T Gold sodium thiomalate (GST) inhibited in vitro antigeni-and mitogen-triggered htlmani lymphocyte DNA synthesis. Inhibition of responsiveness was observed with concentrations of GST equivalent to gold levels fouind in serunm or tissues of patients receiving chrysotherapy. Inhibition was dependent upon the gold ion itself since GST and gold chloride were both inhibitory whereas thiomalic acid was not. Inhibition couild not be explained by nonspecific killing of cells or by an alteration in the kinetics of the responses. GST inhibited mitogeninduced proliferation most effectively when present from the initiation of culture and could not inhibit the responsiveness of cells which previously had beeni activated by concanavalin A. These findings indicated that GST blocked a critical early step in lymphocyte activation. The degree of GST-indtuced inhibition of proliferation was increased in ctulttures of cells partially depleted of monocytes. Moreover, inhibition was reversed by supplementation of these ctulttures witlh purified monocytes. These observations suggested that GST blocked thymus-derived (T)-lymphocyte activationi by interfering with a requiisite function of the monocyte poptulation in initiating stuch responses. Prolonged incubation of peripheral blood mononuclear cells with GST resulted in diminished mitogen responsiveness uipon subsequient cultture in the absence of gold. The addition of fresh monocytes restored responsiveness to these populations.
Fturthermore, preinctubation of pturified monocytes with GST rendered them deficient in their ability to stupport mitogen-induced T-lymphocyte proliferation INTRODUCTION Rheuimatoid arthritis is a disease characterized by chronic inflammnation of synovial tisstues. Although its etiology remainis unknown, immunnological processes have been implicated in the pathogenesis and maintenance of the chronic synovitis (1) . Thus, cells of bone marrow origin, along with their secretory products, play a role in this process as indicated by the presence, within rheulmatoid synovial tissue, of cells whiclh syntlhesize and secrete both immuinoglobtulin and rheumlnatoid factor locally (2) (3) (4) . More recently, a role for thymuis-derived (T)l lymphocytes also has been stuggested by the demonstration of large numbers of T lymphocytes as compared to bone-marrow derived lymphocytes (B lymphocytes), both in synovial fluid (5-7) and digests of synovial tissue (8, 9) .
Chrysotherapy has been tused in the treatment of rheumatoid arthritis for nearly 50 (10) (11) (12) (13) . These observations imply that gold compouinds exert a potent antiinflammatory effect in vivo. Since immune mechanisms are thought to mediate the chronic inflammatory synovitis of rheumatoid arthritis, it seems reasonable to suggest that the therapeutic efficacy of gold compounds may relate to their ability to modify immunological processes.
The studies reported here were undertaken, therefore, to delineate the effect of gold compounds on certain in vitro correlates of immune responsiveness. Specifically, the action of gold sodium thiomalate (GST) has been investigated, with respect to its ability to modify in vitro antigen-and mitogeninduced proliferative responses in populations of normal human peripheral blood mononuclear cells. These proliferative responses share two characteristics. First, the primary responding cells are T lymphocytes (14) (15) (16) , and, second, the initiation of each of these responses is dependent upon the active participation of a nonresponding accessory cell (17) (18) (19) (20) (21) (22) . In populations of human peripheral blood mononuclear cells, the monocyte subserves this ftunction (15, 18, 19, 21, 22) .
GST inhibited antigen-and mitogen-induced human lymphocyte proliferation. Inhibition, which was mediated by the gold moiety itself and not the sulfurcontaining ligand, was concentration dependent and demonstrable within the range of serum or tissue levels found in patients treated with gold compounds. Two major effects of GST were observed. The first was a reversible interference with lymphocyte activation which required the presence of the gold compound in the culture medium. The second was an irreversible diminution in the magnitude of responsiveness which developed after prolonged exposure to GST, but no longer required the presence of the gold compound in the culture to be manifest. Data Miscellaneous reagents. The following reagents were used where indicated: 2-mercaptoethanol (2-ME, EastmanKodak Co., Rochester, N. Y.) and a-methyl-D-mannoside and mitomycin-C (Sigma Chemical Co., St. Louis, Mo.).
Culture medium. Cultures were carried out in medium RPMI-1640 (Microbiological Associates, Bethesda, Md.) supplemented with 0.3 mg/ml fresh l-glutamine, 10 ug/ml gentamicin, and 200 U/ml penicillin-G. The medium was further supplemented with either 10% fetal bovine serum (FBS, Microbiological Associates) or 10% heat-inactivated, pooled human AB serum.
Separation of PBM into adherent and nonadherent populations. In certain experiments, PBM were separated into adherent and nonadherent populations. This was accomplished by suspending PBM (5 x 106/ml) in medium RPMI supplemented with 10% FBS and incubating them in 100 x 20-mm glass Petri dishes for 60 min at 37°C. After this incubation, the nonadherent cells were removed by washing with warm medium and then pooled. The cells adherent to the glass Petri dish were then reincubated in medium containing 10% FBS for 30 min at 37°C after which they were vigorously washed with four changes of warm medium to remove loosely adherent cells. The adherent cells remaining after these washings were then bathed in phosphate-buffered saline (pH 7.2), chilled to 4°C, and dislodged from the Petri dish with a rubber policeman. After washing, the cells were suspended in medium, exposed to 40 ,Ag/ml mitomycin-C for 60 min at 37°C, and washed four times. More than 90% of the resulting cell population was monocyte/macrophages as judged either morphologically with Euchrysine staining (24) or by determination of phagocytic cells using polystyrene latex particles. Viability was greater than 95% as estimated by trypan blue exclusion.
The nonadherent cells removed from the Petri dish on the first wash were pooled and further depleted of adherent cells by passage over nylon-wool (Fenwal Laboratories, Inc., Morton Grove, Ill.) columns, as previously described (20) . The resultant population contained about 85-90% T lymphocytes as judged by rosette formation with sheep erythrocytes (25) Table I . The degree of suppression observed was dependent on the concentration of GST, with significant inhibition seen with 10 ug/ml. The data shown in Table I were obtained using concentrations of mitogens or antigens which gave maximum responses in control cultures containing no gold. When suboptimal concentrations of mitogen were employed, the degree of GST inhibition of lymphocyte proliferation was markedly greater than that observed in cultures stimulated with concentrations yielding maximal [3H]thymidine incorporation (Table II) . Moreover, the concentration or nature of the serum used to support the cultures appeared to have little effect on GST inhibition. Thus, varying the concentration of FBS from 5 to 20% had no significant effect on GST inhibition of the PHA response. Furthermore, GST suppression of PHA responsiveness was similar in cultures supported by either human serum or FBS (data not shown).
Experiments were carried out to determine whether GST caused an actual depression in the degree of mitogen-induced lymphocyte proliferation or merely altered the kinetics of these responses (Fig. 1) . In these studies, PBM were cultured for 2-6 days with Fig. 2 depicts the percent inhibition of the Con A response as a function of the molar concentration of each of these reagents. TMA caused no significant inhibition of the Con A response and GST produced significant suppression at concentrations as low as 26 ,uM (10 ,ug/ml). The effect of gold chloride (AuCl3 HCI 3H20) on Con A responsiveness was next examined to ascertain whether the inhibitory capacity of gold compounds was limited to those in whiich gold was complexed to a sulfur-containing ligand (Table III) . The ability of gold chloride to inhibit Con A-induced lymphocyte proliferation was similar to that manifested 458 P. E. Lipsky and M. Ziff by GST at a low concentration (10 ,ug/ml) buit exceeded the inhibitory capacity of GST at higher concentrations (25, 50 ,ug/mll). These data suggest that inhibition of lymphocyte proliferation indtuced by gold compotunds is mediated by the gold moiety itself and is not depenident on the ligand. Lymphocyte DNA synithesis assayed by [3H ]thvmllidine incorporationi is a relatively late ocecurrence in a complex series of biological events triggered by imiitogens (26, 27) . To determine whether there was a particular step in this sequence of events which was sensitive to inhibition by gold, GST was added to control and Con A-stiiitlated culttures either at the initiation of the inccubation or at varying times thereafter (Fig. 3) . The total length of inctubation was 72 h for each ex- tration-dependent inhibition of the Con A response was observed with 25 ,ug/ml resulting in a 30.8%
inhibition, and 100 ,tg/ml suppressing the response by 68.5%. When the addition of GST was delayed by progressively longer intervals from the beginning of the culture, as indicated on the abscissa, the degree of resultant inhibition became progressively less marked. There was no effect on proliferation when GST was present only for the terminal 24 h of culture. These findings indicate that GST inhibition does not result merely from a nonspecific blocking of either thymidine uptake or DNA synthesis by lymphocytes. Moreover, the observation that inhibition by gold was most effective when GST was present from the initiation of culture suggests that gold acts by blocking an early step in the sequence of events resulting in lymphocyte DNA synthesis. Similar results were observed when PHA was used as the stimulus or when gold chloride was used as the inhibitor (data not shown). Inability of GST to inihibit DNA sytnthesis by Con A-activuated lymphocytes. The previous experiments suggested that the major effect of gold was to inhibit an early step in the sequence of mitogentriggered events resulting in lymphocyte DNA synthesis. To investigate this possibility further, the effect of GST on the degree of lymphocyte proliferation, manifested by a population of PBM previously activated by Con A in the absence of gold, was investigated (Table IV) . PBM were incubated with 5 ,g/ml Con A or an equal volume of medium as control for 24 h at 37°C. At the end of this period of activation, the cells were incubated twice with 40 mM a-methyl-D-mannoside for 10 min at room temperature and washed to remove excess Con A (28) . The cells The inverse relationship between monocyte number and GST inhibition of lymphocyte proliferation. Two sets of observations suggested the possibility that the effect of GST on mitogen and antigen responsiveness might result from interference with monocyte or macrophage function. First, the initiation of antigen-and mitogen-induced T-lymphocyte DNA synthesis requires the active participation of an ac- cessory cell (17) (18) (19) (20) (21) (22) . In populations of human PBMI, the monocyte stibserves this function (18, 21, 22) . Second, GST has been demonstrated to be actively internalized by mnacrophages in vivo (29) (30) (31) and to inhibit certain enzyme systems (32) , as well as ftunctional capabilities of these cells (33) . Thus, the action of gold on mitogen-and antigen-induced lymphocyte proliferationi might not result from inhibition of lymplhocyte responsiveness per se, but rather from interferenice with the requisite function of the monocyte popuilation in the initiation or stupport of stuch responses.
The magnittude of the proliferative response of T lymphocytes induced by mitogens is dependent on the number of accessory cells supporting that response (15, 20, 22) . This accessory cell requirement is most easily observed in cultures of T lymphocytes which have been partially depleted of adherent cells. In stuelh cutlttures, the degree of mitogen-indtuced lymphocyte [3H]thymidine incorporation varies directly with the ntumber of accessory cells added. We reasoned, therefore, that if gold inhibited lymphocyte proliferation by cauisinig a partial interference with a reqtuisite monocyte ftunction, this inhibitory effect wouild be accenittuated in ctulttures in which the nuimber of monocytes was decreased. Conversely, a GST-induced monocyte dysfuinction might be overcome by stupplementation of the cultures with excess monocytes. Fig. 4 depicts the relationship between the number of ml-onocytes stupporting a mitogen-induced proliferative response and the degree of GST inhibition of that response. GST inhibition of the Con A response observed in a standard population of PBM is shown. This popuilation of PBM contained between 25 and 30% monocytes. When the PBM were depleted of adherent cells by sequential Petri dish plating and nylon coltumn passage, the resultant population contained 0.5% monocytes. Two differences were observed in the Con A response of the monocyte-depleted peripheral blood lymphocytes (PBL) compared to PBM. First, the magnitude of the response in terms of Acpm (A) was diminished (from 72,606 to 18,396) and second, the degree of inhibition produced by all concentrations of GST was markedly greater (B). When the PBL were supplemented with purified autologous mitomvcin-C-treated monocytes to levels equivalent to that found in uinfractionated PBM (2.5 x 104 monocytes/ 1 x 105 PBL), the magnitude of the Con A response was restored to that observed with PBM. Likewise, the degree of GST inhibition was decreased and seen to approximate that observed with PBM. When twice as many monocytes were added to the culttures, GST GST for 72 h. Such preincubation of PBM in 10 ,ug/ml of GST had no significant effect on the ability of these cells to respond to Con A when subsequently cultured in the absence of the gold compound (Fig.  5 ). However, a 72-h preincubation with higher concentrations of GST (25 or 50 jig/ml) rendered PBM deficient in their ability to respond to Con A. Differences in Con A responsiveness between these cells and control cells became markedly more pronounced when cultured at lower cell densities. These cells, likewise, were deficient in their responses to PHA, PWM, and SK/SD (data not shown). These findings could not be explained by GST-induced cell death since the absolute number of cells surviving control and GST-containing cultures was not significantly different and all cultures manifested similar viability as assessed by trypan blue exclusion after the 72 h incubation. Development of GST-induced depression of mitogen responsiveness required prolonged incubation. Thus, culture of PBM for 24 h with varying concentrations of GST had no significant effect on the ability of these cells to respond to mitogens when subsequently cultured in the absence of gold (Table VI) . Furthermore, limiting dilution analysis did not reveal 462 P. E. Lipsky and M. Ziff subtle differences resulting from GST preincubation (data not shown).
The data obtained from limiting dilution analysis (Fig. 5) , suggested that gold-induced monocyte dysfunction might explain the depressed responsiveness of PBM observed after prolonged GST exposure. For this reason, the potential ability of fresh monocytes to restore mitogen responsiveness to PBM which had been preincubated with GST was tested (Fig. 6 ).
PBM were preincubated for 5 days in varying concentrations of GST. The cells were then extensively washed, aliquoted into the wells of microtiter plates, cultured for 72 h with or without Con A, and assayed for [3H]thymidine incorporation. These latter cultures were supplemented with either fresh medium as control, 2-ME, or fresh autologous monocytes. Those cells which had been preincubated with 10 ,ug/ml of GST exhibited responses to Con A on subsequent culture which were not dissimilar from control cells which had been preincubated in medium alone. However, cells which had been preincubated with higher concentrations of GST (25 or 50 ,ug/ml) showed a marked depression in Con A responsiveness when recultured alone. Addition of 2-ME to these cultures only partially restored responsiveness. However, supplementation of these cultures with fresh autologous monocytes resulted in a complete restoration of lymphocyte DNA synthesis to control levels. These data suggest that prolonged exposure to GST had resulted in monocyte dysfunction and not an alteration in potential lymphocyte responsiveness.
To confirm these observations, purified monocytes were incubated for 72 h at 37°C with 10 or 25 ,ug/ml GST or an equal volume of medium as control. The cells were then washed extensively and evaluated [2] [3] [4] [5] ,ug/ml (37) (38) (39) (40) (41) (42) , equivalent to 4-10 gg/ml of GST. Purified monocytes were suspended in medium containing 10% FBS (0.5 x 106/ml), and cultured in test tubes with or without GST. After a 72-h incubation at 37°C, the cells were washed three times, exposed to 40 ,tg/ml mitomycin-C for 60 min at 37°C, and washed four more times. However, the concentration of gold in the blood does not appear to correlate with either the therapeutic or toxic effects of gold compounds in man (38) (39) (40) (41) (42) , suggesting that the anti-inflammatory action of gold compounds is not related to serum gold level. The administration of gold compounds leads to rapid distribution of gold throughout the body with a tendency for it to concentrate in areas of inflammation as well as in organs rich in reticuloendothelial elements (43, 44 24 -h period of mitogen activation, but not during the subsequent 48 h of incubation, had no effect on the magnitude of the resultant proliferative response. This was supported by data obtained when the binding of radioiodinated mitogens to human PBM was studied. 100 ug/ml GST had no effect on the binding of either 125I-PHA or 125I-Con A measured after a 30-min incubation at 40C (unpublished observation).
Gold compounds were found to act by specifically interfering with an early step in the inductive phase of lymphocyte activation, even before DNA synthesis began. Initiation of T-lymphocyte proliferation by the stimulating agents used requires the active participation of an accessory cell, which itself does not undergo a DNA synthetic response (17) (18) (19) (20) (21) (22) . In populations of human PBM, the monocyte subserves the requisite accessory cell function (15, 18, 19, 21, 22 (29) (30) (31) . Second, GST has been shown to be actively endocytosed in vitro by guinea pig peritoneal macrophages with resulting inhibition of their lysosomal enzyme activity (32) . Finally, the phagocytic activity of macrophages in experimentally induced inflammatory exudates has been found to be suppressed in patients with rheumatoid arthritis receiving gold therapy as compared to untreated rheumatoid patients (33) .
Mononuclear phagocytes play a central role in the initiation and maintenance of chronic inflammatory reactions. They not only function as effector cells in such responses (49) , but also possess the unique capacity to interact with both B and T lymphocytes in the induction of cellular and humoral immune responses. Thus, antigen-induced proliferation and mediator synthesis by T lymphocytes require the active participation of M1D (17, 50) . These accessory cells initially take up antigen and act to facilitate its functionally effective presentation to primed T lymphocytes (51) . Similarly, macrophages play a critical role in the humoral response to many antigens by supporting the induction of antigen-specific helper T cells (52) and providing a focus for collaboration between helper T cells and B cells whose progeny secrete antibody (53, 54) . In view of the critical role of mononuclear phagocytes in the induction of both cellular and humoral immune responses, pharmacologically induced interference with their function by gold compounds may, in part, explain the efficacy of these agents in reducing the chronic immunologically mediated inflammation of rheumatoid arthritis.
